Abstract-The intermodulation measurement technique enables measuring transponder antennas without any cable connections. This contactless technique exploits the inherent nonlinearity of the transponder to generate intermodulation products that can be measured. In this paper, we relate the transponder antenna properties to the intermodulation response, and use this relation to calculate the gain and impedance matching of the transponder antenna. Additionally, we consider the limitations of the measurement method and present three different measurement geometries for measuring the radiation pattern. The presented equations and methods are experimentally verified by measuring an example harmonic transponder.
Harmonic transponders have been used, e.g., for tracking insects [9] [10] [11] and locating avalanche victims [12] . These transponders, when illuminated at one fundamental frequency f 0 , scatter back at the second harmonic frequency 2f 0 . Measurement of these transponders is a particular challenge, because the harmonic response of the transponder depends on the antenna gain and matching at both the fundamental and the second harmonic frequencies [13] . Therefore, it is impossible to find out how well the antenna is matched at one frequency and what is the radiation pattern at that frequency if only the harmonic response is measured. As a consequence, this limited information does not facilitate diagnosis of the transponder operation nor improvement of it.
One way to overcome the challenges related to cables is to use contactless measurement techniques [14] , [15] . In these techniques, the scattered signal from an antenna is measured by connecting different known loads at the antenna port. Such methods have been developed for antenna gain [16] and impedance [17] , [18] . Although a cable is not needed, the methods necessitate that the antenna port can be terminated with different known loads. This may be problematic, for instance, if the antenna is integrated with an RF front-end.
The radiation pattern of a transponder antenna can also be measured by illuminating the transponder by a reader device and recording the transponder response as a function of its rotation angle. These kinds of automated systems are commercially available for RFID [19] , but the same is difficult to do with conventional laboratory equipment, because standard devices cannot properly emulate an RFID reader.
Another contactless measurement method is the intermodulation measurement technique, which was used to measure the radiation pattern of a UHF RFID transponder in [20] . In this technique, the transponder is illuminated with two closely located frequencies f 1 and f 2 . Due to the inherent nonlinearity in the transponder, it scatters back a signal containing intermodulation frequencies nf 1 ± mf 2 of the excitation signal (n and m are integers). In [20] , the idea of the method is shortly described and the method is experimentally demonstrated without detailed analysis or considerations.
In this paper, we expand the intermodulation measurement technique in many ways. First, we relate the antenna properties to the intermodulation response of the transponder. This relation is needed for solving the antenna properties from the measured response. Furthermore, we describe different measurement geometries and show how the measurement geometry affects the dynamic range and radiation pattern calculation. Monostatic, bistatic, and multistatic geometries are studied. In addition to the antenna pattern, matching between the antenna and the circuitry (diode or RFID chip) is important. We show how the impedance matching can be obtained from the measured intermodulation response of the transponder.
The dynamic range in the intermodulation measurement technique is typically limited by the intermodulation distortion of the measurement equipment itself. In this paper, we derive equations for the dynamic range of the measurement principle. These equations are needed for proper design of the measurement system.
As the transponders are inherently nonlinear, their operation also changes with input power. This is problematic, e.g., for measuring the radiation pattern. When the transponder is rotated, the power it received changes due to a different antenna gain toward the reader. Then, it is difficult to find out how much the backscattered signal changed due to change in the directivity, and how much due to change in the excitation power. In this paper, we describe how this problem can be avoided.
The explained measurement principle is superior over any other way for characterizing harmonic transponders, but can also be beneficial for measuring other than transponder antennas, especially in cases where a cable connection to the antenna must be avoided.
II. INTERMODULATION RESPONSE
In this section, we relate the antenna properties to the intermodulation response of the transponder (tag). Using the derived relation, we further show how the antenna properties are obtained from the measured response. We also consider the limitations of the model and how they affect the dynamic range of the measurement method.
A. Analytical Response
The intermodulation response of a transponder is measured by illuminating it with two closely located frequencies f 1 and f 2 . These two frequencies are mixed, generating intermodulation products at several frequencies, including 2f 1 − f 2 and 2f 2 − f 1 . Backscattered signal at one of these frequencies is recorded. Because all three frequencies are closely located, the intermodulation response can be approximated to depend on the antenna properties at only one frequency.
The power transmitted to the transponder at one frequency can be obtained from the Friis transmission equation
where P in is the power received by the transponder and P t is the transmitter input power. The gain of the transmitter G t = G tc G ta consists of the gain of the transmitter chain (amplifiers, cables, etc.) G tc and that of the transmitter antenna G ta . G tag is the gain of the transponder antenna, λ is the wavelength and r t is the distance between the transmitter and the transponder. The offset f 2 − f 1 is assumed to be small, such that f 1 ≈ f 2 and the transmitted power is equal at both frequencies.
Next, the output power of the transponder at the intermodulation frequency is calculated. We model the transponder with the electrical equivalent circuit shown in Fig. 1 . Without a loss of generality, the antenna and possible matching circuit are modeled as a generator with an internal resistance of R a and reactance of X a , both of which may depend on the frequency. To facilitate the experiments in the paper, the nonlinear component in the transponder is assumed to be a Schottky diode, which is modeled as a series inductance L s , a parasitic capacitance C p , a series resistance R s , a small-signal junction resistance R j , and a small-signal junction capacitance C j0 . Modifications of the following equations for other nonlinear elements can be considered straightforward.
The voltage generated by the antenna is
The corresponding voltage across the junction of the Schottky diode is
where
The series inductance is included in the antenna impedance Z a to simplify the analysis. This voltage generates a current in the diode, and the junction current is [13] 
where I s is the saturation current, α = q/nkT where q is the elementary charge, n is an ideality factor, k is the Boltzmann constant, and T is the temperature, Φ is the junction potential, C j0 is the junction capacitance under zero bias, and γ is a profile parameter. The resulting current can be represented as a current source parallel to the junction, as seen in Fig. 1 . The third-order Taylor approximation for the junction current is
where R j = 1/αI s . The first-and second-order terms can be ignored as only the third-order terms contribute to the intermodulation response. For an excitation signal at angular frequencies ω 1 and ω 2 with amplitudeV j , the relevant third-order intermodulation frequencies are
either of which can be selected to be measured. For convenience, the selected intermodulation frequency is subsequently referred to as f IM . The junction current at the intermodulation frequency I j,IM can be solved by substituting (2), (3), and (6) into (5) . Using current division, the current through the antenna I a,IM can be calculated, which can then be used to solve the radiated output power
Here, it is assumed that f 1 ≈ f 2 ≈ f IM and that all frequencydependent variables are equal at these frequencies.
To facilitate solving the matching between the antenna and the diode, we relate the impedances of the antenna and the diode to the reflection coefficient with the following notation:
where R d is the resistance of the diode and S 11 is the reflection coefficient between the antenna and the diode [21] . By substituting (8) into (7), the output power becomes
where we denote the intermodulation properties of the load with E IM . The intermodulation product at the receiver can then be solved by using the Friis transmission equation twice. The response at the receiver becomes
mixing element (10) where G r is the gain of the receiver antenna and r r is the distance between the transponder and the receiver. This form separates the three factors affecting the intermodulation response: measurement setup, antenna properties, and mixing element properties. It is also valid for different transponder types, the only difference being the value of E IM .
B. Dependency on Input Power
It is assumed in (10) that the transponder operates under small-signal conditions. This assumption is only valid when the power received by the transponder is small. At higher power levels, the junction resistance R j of the diode changes due to self-biasing. Also, the small-signal approximation is less accurate when the AC voltage swing is large. The power delivered to the transponder should therefore be kept constant to ensure that the transponder is operating under small-signal conditions during the whole measurement. This can be done by selecting a reference frequency f ref and input power P t,ref at which the model is valid. Changes in frequency, gain, and matching can then be compensated by adjusting the input power to
where P t,adj is the adjusted input power, and G tag,ref and S 11,ref are the gain and reflection coefficient at the reference frequency, respectively. In a radiation pattern measurement, only the gain value changes, which simplifies the expression. Initial impedance matching or radiation pattern calculations can be done using constant input power, and the input power can be adjusted in the next measurement based on these initial results. This process can be repeated, iterating multiple times until the calculated values remain constant between iterations.
C. Dynamic Range
The dynamic range of the measurement can be limited by four factors: input power, noise, transponder nonlinearity, and intermodulation distortion from the measurement equipment itself. Ideally, the response from the transponder should be stronger than the interference at all times. However, at some frequencies or rotational angles, the response can be obscured by the distortion generated by the transmitter or the receiver. Theoretically, both the measured response from the tag and the intermodulation distortion of the measurement equipment depend in the same way on the excitation power. Therefore, the dynamic range cannot be improved by increasing the transmit power in cases where the lowest detectable signal is limited by intermodulation distortion rather than noise.
The distortion in the transmitter can be caused by the signal generators or the amplifiers as they are not completely isolated from their counterparts, i.e., the signal at f 1 leaks to the instrument generating f 2 . This coupling results in mixing occurring in the devices, which then generates intermodulation distortion that is transmitted. The distortion in the receiver is caused by the two input signals directly coupling to the receiver and generating intermodulation products in the spectrum analyzer. The total received noise and interference power at the intermodulation frequency is
where P N is the noise power, L is the attenuation before the receiver, |S 21 | 2 is the coupling between the transmitter and receiver, and OIP 3,t and OIP 3,r are the third-order intercept points of the transmitter and the receiver. The coupling between the transmitter and receiver antennas should be minimized first, as it decreases distortion caused by both the transmitter and the receiver. The distortion in the transmitter can be reduced by increasing the isolation between the two signal generators to limit the mixing that occurs in them. The isolation should be made as high as possible with the available equipment as it does not reduce the dynamic range of the system. In the receiver, the distortion can be reduced by attenuating the received signal. Equation (12) indicates that the interference power is inversely proportional to the third power of attenuation. Because the signal attenuates in the first power of L, it is advantageous to adjust L so that the interference is at the same level as noise. This maximizes the dynamic range.
The optimal amount of attenuation can be calculated. To do so, let us define the signal-to-interference-plus-noise ratio (SINR) for the system as
The optimal attenuation is found by solving the maximum of SINR as a function of L. Differentiating the equation and solving the zero gives the optimal attenuation as
On the other hand, the dynamic range also has an upper limit. As was mentioned earlier, if the input power is increased too much, the nonlinearity of the transponder becomes a problem. This limits the maximum usable input power. The input power can also be limited because of the measurement equipment used.
III. RADIATION PATTERN MEASUREMENT GEOMETRIES
The gain of the antenna can be solved from (10) . Note that the intermodulation response depends on both the reflection coefficient |S 11 | and the gain of the antenna G tag . Both of these cannot be solved simultaneously from the response only. If the reflection coefficient is not known, one can solve the realized gain
instead, which combines both unknowns. The gain depends on the orientation of the transponder, so we denote the realized gain G R,tag with G(θ, φ) = G(Ω), where Ω is the orientation angle of the transponder, consisting of θ and φ, the polar and azimuthal angles in spherical coordinates. The response is proportional to G(Ω T ) 3 G(Ω R ), where the subscripts T and R refer to the angular orientation of the transponder with respect to the transmitter and the receiver. The realized gain as a function of intermodulation response is where all angle-independent terms in the equation are combined to A to shorten subsequent equations. Gain pattern can be obtained if A can be evaluated precisely. Otherwise only a relative radiation pattern can be obtained. This paper presents three different configurations for measuring the radiation patterns, as illustrated in Fig. 2 .
A. Monostatic Measurement
If one antenna is used to both transmit and receive, then Ω R = Ω T and the gain can be solved directly from (16) . The gain is
where Ω T is the rotation angle of the transponder and P r,IM (Ω T ) the measured response when the transponder is oriented to direction Ω T . The advantage of this method is that it requires only one antenna and the calculation of the gain is simple. The dynamic range of the method can be poor as the coupling from the transmitter to the receiver can be relatively strong, potentially resulting in significant interference. The response can also be too weak to be distinguished from the noise when a radiation pattern minimum is aligned toward the transceiver antenna as the response is proportional to G 4 .
B. Bistatic Measurement
Bistatic measurement is similar to the previous case, except that the transmitter and receiver are using separate antennas at different locations. In the measurement, both antennas remain stationary, while the transponder is rotated. The measured power as a function of transponder gain is, therefore,
where Ω Δ is the offset between the transmitter and the receiver on the rotation plane. The offset should be equal to or a multiple of the angular step in the measurement. The method necessitates that the measurement angles are evenly distributed over a full circle. By denoting the measurement points with G 1 , . . . , G n , (18) can then be modified to
where all quantities are in decibels and Δ is the offset of the antennas in angular steps. The indices are cyclic, so that, e.g., G n+1 = G 1 . A matrix equation can be formed from all the measured values and the measured gain can be solved by inverting the coefficient matrix and multiplying both sides of the equation by the inverse matrix. The gain is
Generally speaking, the offset between the antennas can be chosen freely. However, the choice of the offset can be used to optimize the dynamic range of the measurement. The offset can be selected to minimize the coupling between the transmitter and the receiver, decreasing the distortion generated. Alternatively, the offset can be selected based on the radiation pattern. Depending on the radiation pattern of the transponder, it might be possible to have one antenna aligned toward the maximum when the other is aligned toward a minimum (possible for, e.g., a dipole), so that the response is only G 3 smaller than the highest response (as opposed to the monostatic case where it is G 4 smaller). In this method, the response depends on the gain at two different positions, which complicates the gain calculation. The gain can also be measured only in one plane at a time. Additionally, a limited dynamic range can also cause inaccuracies in the pattern even outside the minima.
C. Multistatic Measurement
In multistatic geometry, the intermodulation response is measured using multiple receiver antenna locations. In practice, the measurement is done by moving the receiver antenna around the static transponder and recording the response at each location. When only the receiver antenna is moved, the relative gain can be solved as a function of Ω R
G(Ω
As the transmitter and the transponder are static with respect to each other, G(Ω T ) 3 is constant. Thus, the normalized pattern is obtained directly from P r . In order to solve the maximum gain, one measurement point should be such that Ω T = Ω R in which case (17) can be used. This is equivalent to rotating both the transmitter antenna and the transponder while keeping the receiver antenna stationary, as was done in [20] . This method has the advantage of illuminating the transponder with constant input power at all angles, so there is no need for power-level adjustment. The transmitter can be positioned toward a maximum in the pattern to maximize the response. The response is directly proportional to the transponder gain, so it should theoretically provide the best dynamic range. This option requires either integrating the transmitter antenna to the turntable with the transponder or the ability to move the receiver antenna along a circle. These can be more complicated to build as compared to rotating only the measured transponder.
IV. RESONANCE FREQUENCIES AND IMPEDANCE MATCHING
The magnitude of the received intermodulation response depends on the impedance matching between the antenna and the nonlinear mixing element. The resonance frequencies of the antenna appear as local maxima in the intermodulation response.
The transponder antenna impedance can be fully solved from complex (amplitude and phase) intermodulation response. The laboratory equipment available for the following experiments, however, facilitates only amplitude measurements. Due to this limitation, we can only solve the absolute value of the reflection coefficient between the antenna and the nonlinear element. Solving |S 11 | 2 from (10) gives
This assumes that the gain of the transponder G tag is known at all measured frequencies. One option is to estimate the gain using simulations. Alternatively, one could instead solve the realized gain from (16) as a function of frequency. The offset between the transmitted and intermodulation frequencies should be made reasonably small. If the offset is too large, there will be some error in the results due to averaging. This is especially notable in the case of narrowband matching as the matching level can be significantly different at each of the frequencies.
Although the technique cannot be used to obtain the impedance directly, obtaining information about the matching can be quite useful in designing and improving transponder antennas. The method shows clearly if the resonance frequencies have shifted from the designed values and obtains the bandwidth. These values are relatively reliable in the sense that they are obtained by terminating the antenna with its real load. The measurement can also be performed when the transponder is attached to an object, as was done in [20] . Further information about the antenna impedance may be obtained by fitting an equivalent circuit model to the measured reflection coefficient.
V. EXPERIMENTS
The techniques described above are verified using a prototype harmonic transponder with resonance frequencies at 1 and 2 GHz. The transponder itself has been analyzed in [13] . The diode in the transponder is an SMV2019 varactor diode, manufactured by Skyworks Solutions Inc. [22] . The diode parameters used in the calculations and simulations are obtained from the SPICE model provided by the manufacturer.
A. Measurement Setup
The measurement is performed using a configuration similar to the one in [20] . The input signals are generated with two signal generators, Rohde & Schwarz SML-03 and SMT-06. The signals are then amplified with two Milmega AS0822-8 L linear power amplifiers, isolated with DITOM D3C0102 S circulators and then connected through a power divider to an ETS-Lindgren 3164-08 quad-ridged horn antenna. The receiver consists of a similar antenna connected to an Anritsu MS2683 A spectrum analyzer. The spectrum analyzer and signal generators are controlled via GPIB interface with a PC running LabVIEW virtual instrumentation.
The gain of the transmitter and receiver antennas (G ta , G r ) is 8 dBi at 1 GHz and 9.5 dBi at 2 GHz. The G tc is measured to be 29.6 dB at 1 GHz and 28.5 dB at 2 GHz. The losses in the receiver are measured to be 1.1 and 1.45 dB at 1 and 2 GHz, respectively.
The frequency offset is selected to be 300 kHz as the measurement equipment produces spurious signals that interfere with the measurement if the offset is smaller. The offset can be considered small compared to the operating frequency and bandwidth. The measured transponder is placed on a turntable 1.5 m away from both the transmitter and the receiver. This ensures that the far-field conditions are met while still keeping the distance short to obtain a strong response. The selected distance also facilitated measurements in an anechoic chamber. The measurement setup is illustrated in Fig. 3 . 
B. Dynamic Range
The limitations of the small-signal model are investigated by measuring the response from 0.8 to 2.2 GHz in 10 MHz increments, adjusting the input power from 10 to 30 dBm. The measurement antennas are set to vertical polarization and they are placed along the omnidirectional plane of the transponder radiation pattern. Fig. 4 illustrates the measured response at two different power levels. Analytical response is shown as well for comparison. The analytical model agrees well with the measurements, although the first resonance is at a lower frequency and the second resonance produces a smaller response. These can be assumed to be caused by slight differences between the simulated and manufactured transponder.
The measured response in Fig. 4 also contains distortion generated by the measurement equipment, appearing as increased noise floor at lower frequencies. The isolation of the circulators degrades at frequencies below 1 GHz, causing some of the transmitter-generated distortion to leak through. Despite being above the noise level, the interference is well below the transponder response and does not significantly affect the measurement result. At higher frequencies, there is no detectable distortion and therefore attenuation before the receiver is not needed.
The limitations of the small-signal model can be seen occurring at the first resonance with high input power. The shape and amplitude of the resonance are altered because small-signal conditions are no longer valid. At power levels where the first resonance is still in accordance with the model, the second resonance is not visible. Conversely, when the second resonance is well above the noise level, the model does not apply to the first resonance. This problem is notable for harmonic transponders that have two distinct frequency bands of interest but is absent in transponders operating only in one frequency band, such as conventional RFID tags. It should be noted that there is no need to measure both frequency bands at the same time. The two resonance frequencies could also have been measured separately, possibly adjusting the setup (e.g., distance, attenuation) to better suit the measured frequency band. To further demonstrate the effect of input power, the power dependency at the frequencies of best matching (0.99 and 2.02 GHz) is shown in Fig. 5 . The lower resonance frequency begins to diverge from the small-signal model when the power received by the tag increases above −10 dBm. On the other hand, with too small input power, the second resonance is obscured by noise. The small-signal conditions are satisfied at 2 GHz with all used power levels.
C. Gain and Radiation Pattern
The realized gain of the transponder is measured at the first resonance frequency of 0.99 GHz. Of the geometries discussed in Section III, we use the bistatic geometry as it is most suitable for our available equipment, and it should provide better dynamic range than the monostatic geometry. We also want to verify the equations derived for the bistatic geometry. Additionally, multistatic geometry has already been used in [20] .
For the E-plane pattern measurement, the transmitter and receiver antennas are switched to horizontal polarization so that the tag can be rotated along the correct axis. The offset between the antennas is selected to be 60
• and it is found that the measured distortion with this configuration is −115 dBm. The interference is transmitter-based, so it could not be reduced by attenuation and is therefore the limiting factor for the dynamic range. The offset is large enough to prevent both antennas facing the minima of the pattern simultaneously.
The pattern is measured with several different power levels as there is no constant input power at which the response would fit in the dynamic range. Either the minima are obscured by noise or the maxima are not within the constraints of the model. Fig. 6(a) illustrates this with the measured gain at two constant input powers, −10 and 0 dBm.
To increase the dynamic range, the input power is adjusted using (11) . The initial input power is set to 15 dBm and the gain is calculated iteratively. Fig. 6(b) illustrates the effect of the iterations. The first iteration already improves the result significantly. Iterations after the second do not affect the results in a significant way.
There are slight errors in the pattern at angles offset by 60
• from the minima. These are caused by the limited dynamic range of the measurement setup and they cannot be removed by power compensation. Due to the small SINR in the minima, the interference significantly affects the measured response, which causes the gain to be calculated erroneously. This could be avoided by having a measurement system with better dynamic range or by measuring the pattern with another antenna offset, such as by swapping the transmitter and receiver antennas. The H-plane pattern of the transponder was measured as well. The antenna is omnidirectional in this plane, so that the measured pattern was almost constant. Therefore, no power adjustments were needed. Both measured gain patterns are then compared with patterns obtained from simulation software [23] . The results are shown in Fig. 7 . The measurements agree well with the simulated patterns, with the exception of the errors caused by the low SINR. 
D. Impedance Matching
The measured response is then used to calculate the impedance matching from (22) . The input power is also adjusted using (11) to obtain small-signal operation for both resonance frequencies. The gain of the antenna is estimated from simulations. The results can be seen in Fig. 8 . According to the results, the first resonance appears to have shifted slightly lower than what the simulations predicted. Additionally, the matching at the second resonance is somewhat worse than in the simulations. However, the magnitude calculation is rather sensitive to changes in the intermodulation response. Some differences are therefore expected. If E IM of the circuit is not known, the absolute magnitude of the reflection coefficient cannot be obtained. The resonant frequencies and the bandwidth can be obtained from the results, even in this case.
VI. CONCLUSION
This paper has further analyzed the intermodulation measurement technique. We derived equations for the analytical intermodulation response of a transponder, using a harmonic transponder with a Schottky diode as an example. The derived response was then used to solve the antenna gain and impedance matching from the intermodulation response.
Three alternative measurement geometries were presented and their advantages and drawbacks were discussed. Limitations of the theoretical model were explained, as well as the dynamic range of the measurement technique.
The method was verified with measurements. The results showed good agreement between the theory and experiments, which suggests the validity of the analytical model and the measurement technique.
The technique is found to be well suited for characterizing harmonic transponders, for which no other reliable characterization method is known. The information about the impedance matching is especially useful for designing transponders with matching circuitry.
Future work could involve a more detailed analysis on the robustness and the error sources of the method, as well as further nonlinear analysis on different potentially usable circuits. One such circuit could be a specifically designed nonlinear load for characterizing other than transponder antennas. Jari-Matti Hannula was born in Luvia, Finland, in
